Geodetic vertical velocities derived from data as short as 3 yr are often assumed to be representative of linear deformation over past decades to millennia. We use two decades of surface loading deformation predictions due to variations of atmospheric, oceanic and continental water mass to assess the effect on secular velocities estimated from short timeseries. The interannual deformation is time-correlated at most locations over the globe, with the level of correlation depending mostly on the chosen continental water model. Using the most conservative loading model and 5-yr-long time-series, we found median vertical velocity errors of 0.5 mm yr −1 over the continents (0.3 mm yr −1 globally), exceeding 1 mm yr
I N T RO D U C T I O N
Secular surface velocities from different techniques (mostly the Global Positioning System, GPS) are used to investigate a wide range of geophysical applications including sea-level change (e.g. Wöppelmann et al. 2014) or rheology of the solid Earth (e.g. Mémin et al. 2014) . It is commonly assumed that reliable velocities can be estimated with at least 3 yr of observations to avoid errors caused by seasonal signals (Blewitt & Lavallée 2002; Bos et al. 2010) . Importantly, for many of these geophysical applications, the estimated secular velocities are often extrapolated outside the period of the observations and used to represent linear deformation over decades to millennia (Wöppelmann et al. 2013) .
Unmodelled non-tidal surface loading deformation in geodetic position time-series either increase the noise or bias derived secular velocities depending on the time-series length. This is particularly relevant to the vertical component, where deformation signals are larger. Numerous studies have shown significant impact of non-tidal atmospheric, oceanic and continental water mass loading deformation on geodetic position time-series, especially on the vertical component (e.g. Dach et al. 2011; Fritsche et al. 2012; van Dam et al. 2012) .
With respect to coordinate time-series noise, most of these studies have considered the impact of the loading mass deformation in terms of the variance (or rms) reduction when removing the modelled deformation from the position time-series. Such a metric considers variance reduction in the part of the spectrum dominated by uncorrelated (white) noise, but does not address changes to timecorrelated noise. However, it is known that position time-series are sensitive to mass loading deformation at longer (interannual) periods (e.g. Tregoning & Watson 2009; Valty et al. 2013) .
Less attention has been paid to the impact of non-tidal deformation on secular surface velocities. This has been most widely considered in relation to geodetic observations near centres of ice loading change since the deformation signal is often large and time variable (e.g. Groh et al. 2014) . The effect of non-tidal atmospheric, oceanic and continental water mass loading variations is less well studied.
In this paper, we quantify the impact of interannual mass loading deformation on secular velocities when estimated from short position time-series. In the presence of non-linear deformation, the position time-series are 'coloured' or time-correlated in the spectral domain. Therefore, we characterize the timecorrelation of surface deformation at the interannual band to assess velocity errors globally. We then qualitatively assess spatial patterns of velocity errors from 5-yr-long time-series at the regional level with important implications for geophysical interpretation.
M O D E L L E D M A S S L OA D I N G D E F O R M AT I O N
We used loading deformation predictions between January 1993 and August 2014 due to atmospheric and continental water (including soil moisture and snow) mass variations from the European Centre for Medium-Range Weather Forecasts reanalysis (ERA Interim; Dee et al. 2011) and oceanic mass variations from the estimating the circulation and climate ocean model (ECCO; Stammer et al. 2002) . We used global grids between ±80
• N/S latitude with spatial resolution of 0.5
• available from the University of Strasbourg loading service (http://loading.u-strasbg.fr, last accessed May 2015). We do not include deformation due to present-day ice mass changes because they are not available for the period considered (e.g. King et al. 2012a ), while we bear in mind this contribution may dominate in glaciated regions. We do not include non-loading hydrogeological processes triggered by water mass variations either (e.g. Nahmani et al. 2012) .
The modelled deformation was computed based on the Preliminary Reference Earth Model (Dziewonski & Anderson 1981 ) assuming a spherically stratified and non-rotating Earth with perfectly elastic and isotropic structural relation (SNREI). Computations were expressed within the centre of figure (CF) of the solid Earth frame. To be consistent with the ocean mass loading deformation, and because we are interested in long-period deformation, the ocean response to atmospheric mass changes was assumed to follow the modified inverted barometer effect (Van Dam & Wahr 1987) . The resolution of the land/sea mask was 0.10
• for atmospheric loading and 0.25
• for oceanic and continental water loading, respectively. See Petrov & Boy (2004) for further details on the computed loading deformation.
The computed deformation of each loading contribution was averaged to monthly values. To reduce the amount of data processed while avoiding introducing errors from spatial averaging, the number of gridded values was decimated by 4, resulting in 14 400 deformation time-series spaced horizontally by 2
• . The deformation time-series of each loading contribution were then combined to form the total loading deformation. Since the three modelled deformation were originally available in the same regular grid, no interpolation was needed in the combination, avoiding resolution problems at the land-ocean interface. The seasonal signals (annual and semiannual), mean value and trends were fitted to the total deformation time-series using least squares. The resulting residual time-series spanned almost 22 yr, thereby allowing us to consider non-linear deformation with periods from 2 months to 2 decades. Unless otherwise stated, we address velocity errors on the vertical component where the loading deformation signal is more significant.
V E L O C I T Y E R RO R S F RO M M A S S L OA D I N G D E F O R M AT I O N
Interannual loading deformation from mass variations was assessed by fitting a power-law noise process to every residual time-series. Details on the noise analysis are provided in the supporting information. The estimated power-law amplitude and spectral index (see Fig. S1 ) were transformed into equivalent formal velocity uncertainty (at 2σ ) using the general formula from Williams (2003a) . loading, where velocity errors larger than 1 mm yr −1 were found. Considering the horizontal component, velocity errors reduce to 0.04 and 0.1 mm yr −1 for the median and 95 per cent values, respectively; around seven times smaller (Fig. S2 ). Fig. 2 shows the change of the velocity error with time-series length. Two velocity error curves were estimated at cells exhibiting power-law parameters corresponding to the median and 95 per cent values amongst all the cells. The dotted black line represents the average formal velocity uncertainty in a global GPS velocity field (Santamaría-Gómez et al. 2012 ). This figure shows that, for most of the locations, at least 4 yr of data are needed to avoid velocity errors larger than the GPS velocity uncertainty. At some locations in the Equatorial band more than 10 yr of data are needed.
The spatial pattern in Fig. 1 is qualitatively reproduced in the standard deviation of velocities estimated from overlapping 5-yr windows in the deformation time-series (see Fig. S3 ). The velocity biases in Fig. S3 are slightly smaller because of the correlation of the velocity estimates from the overlapped data. Excluding areas where power law was not significantly detected, both spatial patterns agree reasonably well with differences smaller than 0.2 mm yr −1 (at 95 per cent). This indicates that the power-law process is a good proxy for the long-term non-linear deformation considered here. In addition, using a power-law process to characterize the interannual deformation allows one to estimate the velocity error for any timeseries length considered straightforwardly (see Fig. 2 ). However, neither the power-law process nor the scatter of the trends predict the sign of the velocity error for a specific period.
Without loss of generality, we considered the velocity biases for the periods 2004-2009 and 2009-2014 from the deformation timeseries (Fig. 3) . During the latter period many GPS stations have been installed around the world within the context of establishment of new regional/national networks. Examples of this are the plate boundary observatory network in western North America for plate deformation, the Antarctic POLENET/ANET network for determination of crustal deformation associated with glacial isostatic adjustment, or the Indonesian Tsunami Early Warning System for correcting vertical land motion from tide gauge records.
From Fig. 3 it is clear that velocity errors have changed sign between these periods in many regional areas (see for instance North America and central/eastern Asia). This change in southeastern Asia, Australia, southern Africa and northern South America may be related with precipitation anomalies during 2010-2011 due to a strong La Niña effect (Boening et al. 2012) . Large-scale changes in the Southern Ocean and Antarctica may be related with the Antarctic Circumpolar Wave, which has been observed in long-period variations of sea-surface height, temperature, pressure and wind (e.g. Nuncio et al. 2011) .
D I S C U S S I O N
From the analysis of the power-law content in the deformation timeseries (see Fig. S1 ), we deduce that most of the time correlation occurs on the continental landmasses and is driven by continental water mass variations. This is relevant since while corrections for the atmospheric loading are often applied to geodetic observations (e.g. Tregoning & Watson 2009; Dach et al. 2011) , this is not the dominant contributor to time correlation in most regions. An exception to this is the large contribution of the atmospheric loading to time-correlated deformation in Antarctica (Fig. S1) .
A natural question arising on our results is regarding the quality of the loading models and the representativeness of the modelled surface deformation. Even when using model reanalysis, as used here, errors at the interannual periods may arise due to changes in the assimilated observations and to errors in the models. To assess the robustness of our results, we compared the total mass loading deformation described in Section 2 with predictions from the U.S. National Center for Environmental Prediction (NCEP) for the atmospheric contribution (0.25
• spatial resolution) and the global ocean reanalyses and simulations (GLORYS; Bernard et al. 2006) for the oceanic contribution (0.25
• ). For the continental water mass contribution, two different models were used, the global land data assimilation system (GLDAS/Noah; Rodell et al. 2004) and the modern-era retrospective analysis for research and applications (MERRA; Lucchesi 2012), with spatial resolution of 1 and 0.5
• × 0.67 • , respectively. NCEP and GLDAS/Noah deformation predictions were obtained from the Global Geophysical Fluid Center (http://geophy.uni.lu, last accessed May 2015). GLORYS and MERRA deformation predictions were obtained from the University of Strasbourg loading service (http://loading.u-strasbg.fr).
Differences in interannual deformation between the loading models are significant. The modelled deformation used here provides the smallest time correlation while the largest is provided by the combination of NCEP, GLORYS and GLDAS models. Further details on the model comparison are provided in the supporting information. By choosing the models described in Section 2 for our analysis, we present a conservative view of the impact of interannual mass loading on surface velocities with respect to the other models. Moreover, studies have shown higher correlation between ERA Interim and in situ observations of precipitation, runoff or gravity than other models (Wang & Zeng 2012; Huang et al. 2013; e.g. de Leeuw et al. 2014; Mémin et al. 2014) .
Regarding the representativeness, the modelled deformation does not consider present-day ice mass loss, ground water/aquifers or an Earth response other than elastic. At the interannual period, glacier mass loss is temporally correlated and, additionally, the visco-elastic response of the Earth may have an impact on the surface deformation in places with low viscosity (e.g. Nield et al. 2014) . Also, the continental water mass models in Greenland and Antarctica are known to be incomplete. In such areas, the actual deformation may be underestimated and our results may be unreliable.
The velocity errors and their spatial pattern shown in Fig. 1 are relevant for geophysical applications using estimated geodetic surface velocities including the determination of coastal sea-level change (e.g. Wöppelmann et al. 2014) , calibration/validation of satellite altimeters (e.g. Watson et al. 2011) , tectonic plate motion and deformation (e.g. Tregoning et al. 2013) , and rheology of the solid Earth including validation/calibration of glacial isostatic adjustment models (King et al. 2012b; Mémin et al. 2014) . Over the two decades analysed, the number of GPS stations has grown continuously, however very few stations have operated over this full period. Among 2667 GPS stations compiled by the International Association of Geodesy Working Group for the densification of the International Terrestrial Reference Frame (ITRF), the time-series length ranges between 3.5 and 16.3 yr (95 per cent) with a median value of 7 yr. Only about 25 per cent of the stations have more than a decade of data. Note that only stations with at least 3 yr of data up to 2013 were considered for the densification (J. Legrand, personal communication, 2014) . These results are even more significant if one considers position offsets which populate the GPS position time-series. Position offsets tend to reduce the effective time-series length used to estimate the velocity (Williams 2003b) . For instance, the longest segment of continuous observations (between position offsets) per station for the 2667 stations mentioned above is between 2.1 and 12.5 yr (95 per cent), with a median value of 5.5 yr. This value motivated our 5-yr-long analysis in Section 3. Only about 14 per cent of the stations have more than a decade of continuous observations.
C O N C L U S I O N S
We analysed predicted vertical loading deformation induced by changes in atmospheric, oceanic and continental water mass at interannual periods. We found that for most of the Earth surface (discretely sampled by a global grid spaced 2
• between ±80
• N/S latitude) the interannual deformation cannot be considered white or time-uncorrelated, but is better characterized by a power-law process.
Considering 5 yr of data, the estimated power-law parameters translated into vertical velocity errors of 0.3 and 0.7 mm yr −1 , respectively for the median and 95 per cent of the sampled locations. Over the continental landmasses, these figures reached 0.5 and 1 mm yr −1 , respectively, with some regions near the southern Tropic where the velocity errors exceeded 1 mm yr −1 . These velocity errors are substantial if one considers, for instance, the range of rates of sea-level rise during the last century, between 1 and 2 mm yr −1 . Comparing these errors to GPS vertical velocity uncertainties, at least 4 yr of continuous data are needed in most of the sampled locations to mitigate the effects of the interannual deformation on secular velocities. This figure increases to 10 yr for areas near the southern Tropic.
These velocity errors are conservative in light of the comparison with different models of surface mass loading deformation and also considering possible mass changes not included in the models, for example, present-day ice mass changes. While different models of atmospheric loading are in close agreement, models of ocean loading, and especially continental water, are not. Since continental water mass changes dominate the time-correlated loading deformation in most of the continental landmasses, unless the loading models are improved, there is presently no robust solution to mitigate these errors other than to increase the time-series lengths. When short time-series are used, the velocity error budget should include the effect of the interannual surface loading deformation. This can be approximated by assessing the predicted velocity change between the actual observations and the full period covered by the loading models on a site-by-site basis. Figure S2 . Geographical distribution of the increment of loglikelihood of power-law noise with respect to white noise (top lefthand panel), the power-law spectral index (top right-hand panel), the power-law amplitude (bottom left-hand panel), and the velocity errors for 5 yr of continuous data using monthly sampling (bottom right-hand panel). These quantities were estimated from the horizontal non-linear deformation associated with the total surface mass changes (atmosphere, oceans and continental hydrology). The red line in top left-hand figure indicates the 2.3 log-likelihood threshold to detect power-law content. Figure S3 . Geographic distribution of the vertical velocity errors (in mm yr −1 ) for 5 yr of continuous data. Velocity errors are computed from the 2σ standard deviation of trends estimated from the total deformation time-series in 5-yr-long overlapping periods between 1993 and 2014. Figure S4 . Geographic distribution of the 150 sites used to compare the deformation loading models. Open circles represent sites were power-law was not found in the total deformation time-series. Please note: Oxford University Press is not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the paper.
